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ABSTRACT
-

Hiyh quality infrared spectra of u:o tadical fons of
benzophenone, anthracene and tetracyanoethylene were recorded
during electrolysis of the substrates at a platinum electrode
using reflectance techniques in a Fourier transforms infrared
spectrometer. Evidence of adsorption of benzophenone was
indicated, wheress simple ion spectra were observed far
anthracene and tetracyanoethylene. Versatility of the technique

is discussed.
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The investlgation of heteroyeneous and homoyeneous electrgoue

processes by infrared coupled spectroelectrochemical techniques

has been reported. Thus work on the electrosorptivn of mcthanol

on platinua electrodes (1), ausorbea hydrogyen on platinum (2,3),

studies of the platinum-acetonitrile interface, (4) adsorption of

acrylonitrile {5), and chanyes 1n the water structure at metal
electrodes {3,6) has In.on completed.

The use of Fourier transform infrared spectroweters has
proven to be & convenient repid method tor obtaining infrared

spectral differences between two polarization potentials at an

electrode intertace (4). We report here the ease with which the

vibrational spectra of free radical 1ons may bLe observed using

this technique. Traditionally, it hes been rather difticult to
obtain free radical ion spectsra in the infrared region for
obvious reasons of sample handling and the larye IR absorptions
of the common solvents used when generatiny ion radicals.
Conventional techniques usud to cbserve such spectra includge co-
condensation of the patent molecule ana alkali metal atoms onto

infrared trensparent windows (7), esamination ot mulls ot

1. B. Beden, A, bewick, K. Kunimatsu, and C. Lamy, J.
Electroansl. Chem., 121, (1981} 242,

2. A. Bewick, K. Kunimatsu, J. kobinson, and J. Russell, J.

tlectroanel. Chem. 11y (1981} 175, A. buwick &nd J.W.

hussell, J. Klectrosnel. Chem. 1352 (1982) 235,

3. A Bewick and K. Kunimatsu, Surface Sclence Ul (1980) 131,

4. T. Levidson, Stanley rons, A. Bewick, end P.P. Schaiut, J.
tlectrosnal. Chem. 125 (1941) 237,

S. A. bewick end C. Gibilago, an preparation.

6, A. Bewick and J.Ww. Hussell, 0 preparstion.

7. Se¢ tor eaample J. Stlanley, L. Smith, 8. Latimer, end J.b.
Levlin, J. Phys. Chem, 7u (1960} Jull.

8. Sev ftor exemple A, Girtlanuo, R Bodio, end U, Peclle, Chem,

Phys. Lett. 25 (1974 LY
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prepdred salts ot stable redicel 10ns (¥), and Crossed muleculaer

beam co-condensation techniques (9-1i). 11 the tadicals ot

1nterest can be yenerated electrochemically, then it 18 likely,
using the technigue described hereln, that their intcered spectra
may be recorded with minimal experimental ettort. The
traditional problem of strony solvent absorption is sinimized by
using reasonably thin layers ot solution and efficient sottware
subtraction routines available with most commercial FTIR

instrusents.

LAPERIMENTAL

FTIR Spectrouscopy and Electrochemical Genefation ot lons

Spectra were recorded on a Nicolet 7199 Pourier transform

intrared spectrometer with a type A mercury-cadmiua-telluride
Light was polarized Ly &
Potential

80lid state 77°K cooled detector.
Cambridge optical polarizer mountea befors the cell.
Proyrans were yenerated at the electrode by a HI-TEK uT2lVl
potentiostat and PPRl wavetora generator. The spectra were taken
dtter near steady state conditions had been reached at the

appropriate potential. Synchronization between the application

of the potential atep and the beginning of the spectral data
collection was made by tapping the TTL signal accompanying the
beginning of data collectiaon at the Nicolet A/0 converter and

applying the siynal to a 741% duwn counter. Thus the wavetorm

¥.C. Li, J.F. Leviin, ang H.A. Pohl, J. bhys, Chea. 16

11972) lude,
J.C, Moure, L. Smith, Y. Youline, end J.P. Deviin, J. Phys.

Chem. 75 (19710 25,
J.J. Hunael and J.P. Devliin, J. Chem. Puys. 58 (Ly?73) 4750,

v.
lu,
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generatur could be triggered at chosen sweep increments, Further

details are given elsewhers (12).

Solvents and Chemicals

Acetonitrile (Caledon HPLC grade, 0.003% water) was used
without further purification, Benzophenone (Aldrich) was vacuum
sublimed twice before use. Anthracene (Aldrich) was used as
received, and tetracyanoethylene was recrystallized twice from
chlorobenzene, All solutions were degassea with aryon before
use.

Tetrabutylammonium tetratluoroborate {TBAF) (13) was the

supporting electrolyte used in all solutions.

Cells, Mounts and Electrodes

The details of the cells and associated wountings have been
described elgevhere {12). 1In these experiments a polished
platinum mircor electrode was used, and the reference electrode
was Ag/A9* (0.01 N in ©.10 N tetrabutylammonium

tetrafluoroborate).
NESULTS -

The differential reflectance FTIR spectrum of & lU mM
solution of benzophenone in acetonitrile (0.1 B TBAF) at &«
platinue mirror electrode is shown in Pigure lb. The potential
limits were -1.75 V and ~2.50 V vs the Ag/Ag* reference. The

12. A, Bevwick, K. Kunimstasu, 5. Pons, and J. kussell, Anal.
Chem., submitted.

13. k. Lund and P. Llverson in M, Baizer, ed., “Orydnic
Electiachemistty®, Marcel Lekker, Mew York, 1973,
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light was polarized such that the plane of .un electric tield
vector was perpendicular to the surface of.tb- electroge (p-
polarized with respect to the plane of incidence). The thickness
of the solution layer was 1.0 aicrons, The corresponding
transmission spectrum of benzophenane in the same cell
arrangement is shown in Figure la. As will be discussed later,
bands extending downward (Figuce lb) correspond to incressed
absorbance at the higher potential (-2.75 V), while peaks
extending upward correspond to decreased absorbance at the nighec
potentjal. Thus the downward extending banas correspond to
sbsorbance due to the anion radical, while the upward extending
bands cortespond to disappearance ot the substrate benzophenone
ap it is reduced to form the anion radical. Table I lists
absorbance bands observed and compares them with literature
values. Slight difterences in wavenumber is attributed to
solvent etfects (the literature values vers determined in carbon
tetrachloride (benzophenone) and tetrahydrofuran {bensophenone
ketyl snion :zadical)). There is & very yood correlation between

this work and reported values, pt for the k bands. No

attempt was made to enhance the signal to noise by further signal
averaging. The reported spectra were the average of 4V scans
(about 5 minutes).

The band at 1464 cal in Figure 1b has not been previously
reported for the benzophencne ketyl anion radical. 1f the
solution thickness is increased to 200 microns, and the
benzophenone in the thin layer of solution fs 90% reduced to the
ketyl structure, the difference spectrus has a greatly enhanced
intensity and it is not possible to detect the band at 1464

e mm e o e ——— - - - .- f




cml, The 1464 cm~! band is 4lso absent frow the spectrum i the
light polarization 1% changed by Y0* to the s-polarized torm, A
comrpariton of the p-polarized spectrum with an s-polatized
spectrum is shown in Figure 2, We note changes in bandwidths and
intensities of the bands as a function of polarization, ana
wavelength. .

Figures 3a and 3D show the spectrum Ot anthracene and the
difte. ence spectrum of anthracene between -1.3 V and ~2,5 V
respectively. The light was p-polarized ena ihe solution
thickness was 14 microns. The solvent and other paremeters wele
the same as noted above for benzophenone.

Figure 4a and 4b show the results for the tetracyanouthylene
(TCNE) system. ‘The modulation reyion was 0,25 V to ~U.25 V.

The solution thickness was 17 microns.

DISCUSSION

Cére must be taken when interpreting difterence spectca. In

Figurss 3 and 4, where the extinction coefficients of the
products (the anion radicals of anthracene and
tetracyanoethylene) are apparently much 9';eater than the
teactants (il) then the cresults dce quite streightforward. The
resulting ditference spectra closely reseable pure absorption
spectra of the species forwed at the more neyative potential. In

spectra where the extinction coefficient of reactant and product \
are about the same (Figute 1), the spectta may e more complex.

A discussion of these ctlects has been Maue previously (12),

Thece are several considerstions that necd tO be made when

interpreting the results ol experiments that use polarizes light

0‘_
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tor retlection studies at mets: intertaces. bFifst, s-polagized
light hes an almost 2ero electcic tiela intensity ot the surtece
of the actal especrally at IR wavelenyth, onu therelute cennot
interuact with dipale ouscillators ot any orienietion that sight
exist at that surtace, i.e. &-polarized radistion iy *blind® to
adsorbed specles. Second, p-polarized light will interact with
dipole oscillators encountered in solution, and aiso dipole
oscillators at the metal sucrtace oriented such thet the dipole
derivative with respect to the nornel coocrdinate, leu/ey), has a
non-zero component perpendicular to the electrode surface, i.e.
p-polarized radiation sees adsorbed species but the absorption
bands observed depend upon the orientation of the molecule (o).
Third, for s-polarized light, the &pectra observed may pPosyess
features from: (a) absorption by species present in the bulk
solution a8 the IR beam is transmitted throuyh it, retlected ott
the electrode, and transmitted back through the solution againj,
(b) internal reflectance absorption at the intertace betweun the
inner tace of the window and the bulk solution. This lauter
affect is rather complex anu cen lead to severe distortion of the
normal spectra, MNany examples ot this phenomencn have been
reported (14), and it is apparent that for the purposes herein,
1t is very difficult to obtain quantitative data trom spectrs
obtained with s-polacized light.

Thus there are two simple ways 10 which to distinguish

between the spuctra of intermediates thet are adsorbed et the

14, Seuv tor example N.J. Harrivk, “internal Retlection

Spectruscupy®, Interscience, New Yook, lsel.
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electrode surface and free in the thin layer of solution. The
forser will give banda only wvith p-polarized radiation, wherves
the latter will show no partiality towards either polarization
state. The other test is the comparison between the spectra
obtained tfor following the generation of smaller guantities of
intermsediate and much larger amounts. The focmer will have
significant contributions from both adsorbed and non-adsocbed
species, while the latter will show bands of greatly incceased
intensity tor the non-adsorbed species with little or no increase
in the bands from the adsorbed state. It is also impoctant to
note that, in general, only some of the bands from an adsorbea
species will be expected at the sase frequency as those ot the
corresponding non-adorbed species; others will be shifted due to
the perturbstion in structure and bonding accompa ying the
tnterection vith the atoms in the metallic sur. «. 1n the case
of bengophenons -
that the anion radicel is present in both the adsorbed and the

* these stfects are cbserv~d and {t is clear

non-adsorbed state. Two new bands, & strong absorytion at 1464
cml and a wesker absorption at 134v c»~), are observed for the
adsorbed anion radical. The former is ll.-)lt certainly the
carbonyl stretch of the nﬁlorhd species (shifted from 1535 el
and the latter is at the position expected for the combination
band from the carbonyl stretch and the symmetrical stretch of the
sromatic ring {18). It is to be concluded, therefore, that the
anion radical on the electrode surface is adsorbed via the
carbonyl group, as would be expected. Voltamsetric measurements
using a Pt electrode also support the conclusion that adsorbed

anion radical is present.

ST
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The differential reflectance spectrum recorded during the
reduction of tetracyanoethylene ('I‘Clllljrn acetonitrile at a
platinum electrode is shown in Pigure .. The positive bsnds due
to disappearance of the TCNE subatrate at the more negative
potential are not visible. This is becsuse the sensitivity of
the transmission scale has been decreased to accosmodate the full
amplitude of the bands at 2187 o) ana 2144 cm~l, The band at
2148 c-'l is almost 10‘ times larger then is predicted from a
simple Beer's law calculation for the total amount of TCNE anion
that has been found during the potential step. The weaker band
at 2187 cm} corresponds closely to an assignsent made by Devlin
et al to the ~CiN stretch which has been charye transfer enhanced
by formation of a complex between the anion radical and a surface
platinum atom. The stronger band increases markedly with an
increase in the cell thin layer gap, and is therefore due to
solution free -CiN fundamental stretch, enhanced most likely by
the formation of an electron donor-acceptor complex between the
anjon radical and neutral TCNE. This point will be the subject
of a forthcoming paper.

CONCLUSIONS

The technique described is & very powerful new method for
the rapid recording of the spectra ot redical lon and othec
intermediates, The method ia capable of detecting spectra from
short-lived species that could not otherwise be obtained. Modern
FTIR technigues include time resolved -?del which will enable
kinetic and mechanistic information to be obtained for unstable
Intermediates. This will be the subject of a tforthcoming report.
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Tabke 1
BENZOFHENONE BEUZOPHLNUNE KETYL
Litecatugre (1S) This wWork Literstute (1%) This work
1666 i(vs} lo6U (vs) 90 (3) YW (vs}
1010 (w) lovl (m) 1019 (m) 1025 (w)
1317 (s) 1319 (w) 1143 tvse) 1147 (vs)
1277 (ve) 1277 (va) 1150 (vs} 1155 (s)
917 (m) Y22 (m) 1200 (vs) 124% (vs)
l2u8 (m) 1268 (w)
1396 (3) Live (m)
1580 (s) 1595 (va)
Comparison ot absorptior bands of be b ana b ph

ketyl radical. (Keletive banda intensity nomenclature: vs = very

«tfony, 8 » strong, m = medium, ¥ = weak).

15, C. Manard and A. Melllier, Spectrochim. Acta 23 11973) 1273,
16. 1. Juchnuvski, 1. Kaschkov, 1. banayotov, Ronatshetfte fur
Chemie 10l {3979} 1744,

© ikt o vl
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FIGURE LEGENDS

a) Transmission spectrum of benzophenone. b) vitferential

FTIR spectrum of bensophenone between -1,75 V and -2.50 V.
The differential specttum Ot benzophenohe with S- and p-
polatized light.

2} Transmission spectrum of anthracene. b) Difterential FTIR
apectrum of snthracene between -1.5 V and -2.5 V.

2} Tvensmission spectrum of TCNE. b) Differential PTIR

spectrum of TCNE between +0.25 V and -0.25 V.
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